Although the spatial location of genes within the nucleus has been implicated in their transcriptional status, little is known about the dynamics of gene location that accompany large-scale changes in gene expression. The mating of haploid yeast Saccharomyces cerevisiae is accompanied by a large-scale change in transcription and developmental program. We examined changes in nuclear organization that accompany stimulus by the mating pheromone ␣ factor and found that most ␣-factor-induced genes become associated with components of the nuclear envelope. The myosin-like protein Mlp1, which has been implicated in mRNA export, was further shown to exhibit RNA dependence in its association with ␣-factor-induced genes. High-resolution mapping of association of chromosome III with Mlp1 revealed ␣-factor-dependent determinants of nuclear pore association, including origins of replication, specific intergenic regions, and the 3 ends of transcriptionally activated genes. Taken together, these results reveal RNA-and DNA-dependent determinants of nuclear organization as well as a detailed picture of how an entire chromosome alters its spatial conformation in response to a developmental cue.
The nucleus is a complex organelle consisting of nonrandomly positioned chromosomes that are organized into spatially and functionally distinct subdomains. The differential positioning of genes near the nuclear periphery, chromatin domains, or proteinaceous subcompartments suggests that individual loci are exposed to distinct local environments. While such positioning is a fundamental property of genes, the functional significance of this subnuclear organization remains unclear. Several studies in higher eukaryotes have examined the complex organization of the nuclear interior by studying broad yet distinct chromosomal regions such as heterochromatin. For example, in human lymphocytes, the transcriptional regulator Ikaros promotes repression by recruiting target genes into close proximity with heterochromatin (Brown et al. 1997 (Brown et al. , 1999 Cobb et al. 2000; Cohen et al. 2000) . Other groups have focused on studying the dynamics of individual loci and their association with the nuclear periphery. The cystic fibrosis transduction receptor (CFTR) gene and its two nearest neighbors, GASZ and CORTB2, were found to associate with the periphery independently of each other but in direct correlation with their transcriptional state (Zink et al. 2004) .
The budding yeast, Saccharomyces cerevisiae, has emerged as a powerful model organism to study nuclear organization as evidence suggests that significant gene regulation occurs at the nuclear periphery. Silenced yeast telomeres are associated with the nuclear periphery via the nuclear pore complex (NPC) and genes localized in proximity to these telomeres are transcriptionally inactive (Gottschling et al. 1990; Laroche et al. 1998; Galy et al. 2000; Feuerbach et al. 2002) . The NPC also plays a role in maintaining the inactive status of the silent mating-type loci, HMR and HML. The NPC genes NUP60 and NUP145 are required for full repression of the HMR locus, and deletion of the nuclear pore-associated myosin-like protein genes, MLP1 and MLP2, results in the de-repression of a reporter gene at the HML locus (Galy et al. 2000; Feuerbach et al. 2002) . Additionally, defects in the silencer sequence of the HMR locus can be artificially suppressed by tethering it to the nuclear membrane while the HML locus is de-repressed when relocated from its subtelo-meric site to a more centromere-proximal location or to the arm of a different chromosome (Stavenhagen and Zakian 1994; Thompson et al. 1994; Maillet et al. 1996; Marcand et al. 1996; Andrulis et al. 1998) . Finally, a recent study in S. cerevisiae showed that nuclear transport factors and NPC proteins were able to activate a reporter gene by isolating it from silent chromatin (Ishii et al. 2002) .
As components of the NPC have been implicated in the proper regulation of transcription, we determined how the entire yeast genome interacts with components of the NPC and transport machinery (Casolari et al. 2004) . We made the surprising finding that a subset of transcriptionally active genes was found associated with the nuclear periphery in addition to the expected infrequently transcribed genes. Moreover, when the transcription of genes involved in galactose metabolism was induced, the genes relocated from the nuclear interior to localize at the nuclear pore. Another study has shown that transcriptional activation of the INO1 gene involves its recruitment to the nuclear periphery as well (Brickner and Walter 2004) . Taken together, these studies indicate that gene recruitment to the nuclear periphery is a dynamic process that can also play a positive role in gene activation. However, despite the recent advances in describing the interplay between nuclear organization and gene regulation, the basic principles underlying the establishment of nuclear architecture as well as the dynamics of this organization during changes in developmental program remain unknown.
Using genomic location analysis in S. cerevisiae, we have examined how genes interact with components of the NPC after a new transcriptional program is induced by the mating pheromone, ␣ factor. We find that the ␣-factor-induced genes on 13 different chromosomes become associated with the nuclear transport machinery, indicating a global relocalization of newly activated genes to the nuclear periphery. In addition, we find that Mlp1 association with ␣-factor-induced genes is RNase sensitive, indicating that transcription of nascent mRNA leads to association of a subset of loci with the periphery. Moreover, high-resolution mapping of chromosome III localization at the nuclear periphery revealed ␣-factor-dependent determinants of nuclear organization, including origins of replication, intergenic regions, and a bias toward the 3Ј ends of transcriptionally active genes. These data reveal specific determinants of nuclear organization and how an entire chromosome alters its conformation upon induction of a new transcriptional program.
Results

Induction of ␣-factor-responsive genes leads to changes in nuclear transport-factor association
We wished to determine the extent to which a global change in the transcriptional program of the cell would alter subnuclear dynamics and organization. We therefore chose to examine the mating response of S. cerevisiae, which involves a pronounced change in the cellular transcriptional program, including induction of matingspecific genes, arrest in G1 of the cell cycle, and gross morphological changes of the plasma membrane and nucleus.
In order to examine gene location following a global transcriptional response, cells were arrested in G1 by treating an exponentially growing culture with 30 nM ␣ factor for 2 h before formaldehyde fixation. More than 95% of cells exhibited mating projections, and a G1 arrest was confirmed by FACS (data not shown). Chromatin immunoprecipitated with components of the nuclear transport machinery was examined on whole-genome ORF arrays as previously described (see Materials and Methods; Casolari et al. 2004 ). These components included the nuclear export factor Xpo1, the nuclear pore protein Nup116, and the myosin-like nuclear poreassociated proteins Mlp1 and Mlp2. The results of the genomic location analysis for one of these proteins, Mlp1, will be discussed; binding data for Xpo1, Nup116, and Mlp2 were nearly identical to that of Mlp1 and are found in the accompanying Supplemental Material.
Genomic binding profiles generated from cells treated with ␣ factor were analyzed for the enrichment of functional gene classes using FuncAssociate (Berriz et al. 2003) . We find that Mlp1 shows enrichment for binding to gene classes induced by mating only in the ␣-factorinduced cells, including genes induced during sexual reproduction and conjugation with cellular fusion (Supplemental Material). Previously published data indicate that 49 genes are induced greater than threefold after a 2-h exposure to ␣ factor, with some genes induced as high as 30-fold (Spellman et al. 1998 ). We therefore compared the percentile rank of the 49 induced genes in the Mlp1-bound data set with and without ␣ factor (Fig. 1A) . Without ␣ factor, the 49 genes are dispersed throughout the data set, indicating no preference for Mlp1 binding to genes from these classes. However, a dramatic change in the binding profile was seen upon addition of ␣ factor, with 35 of the 49 most highly induced genes found in the 90th percentile or greater, indicating a positive correlation between transcriptional activity and binding by Mlp1. Similar results were obtained for Xpo1, Nup116, and Mlp2 (Supplemental Material), demonstrating that transcriptional activation is strongly correlated with binding to the nuclear transport machinery. Furthermore, recruitment of ␣-factor-activated genes to the nuclear periphery occurs on 13 of the 16 yeast chromosomes, indicating that an altered transcriptional program can affect the large-scale organization of the S. cerevisiae genome.
The 49 ␣-factor-induced genes were analyzed for RanGEF binding with and without ␣ factor, and a disparate binding pattern from that of Mlp1 was observed (Fig.  1B) . RanGEF is the intranuclear GTP exchange factor for Ran, is essential for both nuclear transport and chromosome dynamics, and has previously been shown to bind infrequently transcribed genes (Ohtsubo et al. 1987; Aebi et al. 1990; Clark et al. 1991; Forrester et al. 1992; Kadowaki et al. 1994 ; Azuma and Dasso 2000; Casolari et al. 2004 ). In the presence of ␣ factor, 37 of the 49 genes are found in the 10th percentile or lower of the bound population, while in the absence of ␣ factor they are distributed throughout the data set. Interestingly, the only significant class found to be enriched in the RanGEF data set was sporulation genes. This binding profile illustrates the disparate binding properties of RanGEF, compared with Mlp1, since it has concomitantly dissociated from active ␣-factor-induced genes and acquired binding to the transcriptionally inactive sporulation genes.
␣-Factor treatment leads to gene recruitment to the nuclear periphery
We performed fluorescent in situ hybridization (FISH) coupled with immunofluorescence (IF) in order to confirm that the changes in protein association we observed using genomic location analysis reflected recruitment of the activated genes to the nuclear periphery. FIG2, a gene induced ∼3.5-fold by the addition of ␣ factor (Spellman et al. 1998; Guo et al. 2000) , encodes an adhesin required for maintaining cell wall integrity during mating (Erdman et al. 1998; Guo et al. 2000) . A ∼5-kb DNA probe was designed to hybridize to FIG2 and was visualized by incorporating digoxigenin-dUTP and staining with a FITC-conjugated anti-DIG antibody. NPCs were visualized with an anti-Myc antibody in Nup116-Myc tagged strains. In untreated cells, the FIG2 locus is found predominantly localized in the nuclear interior with only 27% of cells showing localization at the nuclear periphery (Fig. 1C ). Upon induction with ␣ factor, the FIG2 signal overlaps with the nuclear periphery in the majority (64%) of cells. Interestingly, FIG2 was found to localize to the side of the nucleus that was closest to the mating projection in 93% of cells (Fig. 1D) . Indeed, the Fig2 protein has also been shown to localize solely to the shmoo mating projection with exclusion from the rest of the plasma membrane (Guo et al. 2000) .
Mlp1 association with ␣-factor-induced genes is RNA dependent
A number of previous studies have implicated Mlp1 in mRNA export; Mlp1 is known to bind to the hnRNP and mRNA export factor, Nab2 (Green et al. 2003) . In addition, deletion of Mlp1 causes leakage of unspliced premRNAs to the cytoplasm (Galy et al. 2004) , while overexpression leads to accumulation of poly A(+) mRNA in the nucleus (Kosova et al. 2000) . Given that Mlp1 has direct links to mRNA export and shows association with ␣-factor-responsive genes in a transcription-dependent manner, we sought to determine if Mlp1 association with these genes might occur via the transcribed mRNA.
To achieve this, genomic location analysis of Mlp1 was repeated on chromatin from cells that were lightly fixed and treated with RNase A and T1 during the im- Figure 1 . Correlation among genome occupancy, transcriptional activation, and peripheral localization. All genes in the genomic occupancy profiles of Mlp1 and RanGEF/Prp20 were assigned a percentile rank ranging from 0% (unbound) to 100% (highest binding). The distributions of the 49 genes induced threefold or more upon ␣-factor treatment (Spellman et al. 1998) within the Mlp1 (A) and RanGEF/Prp20 (B) data sets are shown for untreated cells (white bars) and cells treated with 30 nM ␣ factor for 2 h (black bars). A bin size of 10% was used. Combined FISH/IF of the FIG2 locus in cells that were untreated (C) and stimulated with 30 nM ␣ factor for 2 h (D). The FIG2 probe is visualized as a single green spot (see yellow arrow) with nuclear pore staining in red. The outline of each stimulated cell is shown in white, with the shmoo projection highlighted by a white arrow. (E) Mlp1 genomic location analysis was carried out as in A except that cells were fixed for only 5 min plus or minus RNase prior to immunoprecipitation (F). The distribution of the 49 genes induced threefold or more upon ␣-factor treatment are shown for untreated cells (white bars) and cells treated with 30 nM ␣ factor for 2 h (black bars).
munoprecipitation before application to whole-genome ORF arrays. As shown in Figure 1E , the shorter fixation time used for thorough RNase digestion does not affect the ability of Mlp1 to bind to ␣-factor-responsive genes. However, after treatment with RNase, we see a dramatic decrease in the association of Mlp1 with the transcriptionally induced genes (Fig. 1F) . Mlp1 binding to subtelomeric genes in both conditions is not affected (Supplemental Material), demonstrating that Mlp1 association with some loci is not dependent upon RNA.
High-resolution mapping of chromosome III binding reveals determinants of association with the nuclear periphery
Since association of genes with the NPC varies with transcriptional status and local chromatin organization (Galy et al. 2000; Feuerbach et al. 2002; Casolari et al. 2004) , we sought to identify the sequence determinants responsible for this association. To achieve this goal, we performed genomic localization of Mlp1 using a highresolution, tiled microarray of S. cerevisiae chromosome III (see Materials and Methods). Mlp1 was chosen for high-resolution genomic location analysis based upon its previously identified roles in HML and HMR silencing as well as its ties to mRNA export. Mlp1-bound chromatin was prepared as described from cells grown in rich media (YEPD) (see Materials and Methods) and competitively hybridized to tiled arrays comprised of 50-bp probes at 20-bp intervals across the entire length of chromosome III, allowing for the precise localization of Mlp1 to portions of the chromosome.
Using full-genome ORF arrays, we find that Mlp1 binding to chromosome III is comprised of transcriptionally active genes such as PGK1 (110 mRNAs/h) and PMP1 (38.7 mRNAs/h), infrequently transcribed genes such as CDC39 (0.8 mRNAs/h) and YCL044C (0.2 mRNAs/h), as well as the silent mating type loci HMR and HML ( Fig. 2A ; Holstege et al. 1998; Casolari et al. 2004) . As shown in Figure 2C , origins of replication, termed autonomously replicating sequences (ARS) in yeast, are present in the Mlp1-bound data set. All of these ARS elements are adjacent to regions that have been previously localized to the nuclear periphery, such as HML, HMR, and the centromere (Jin et al. 1998; Laroche et al. 2000) .
Strikingly, we found that Mlp1 binding along chromosome III also appears to be the result of association with both ORF and intergenic sequences (Fig. 2D,E) . Association with some ORFs, such as RER1, is due to binding at the 3Ј end of the ORF in addition to intergenic binding downstream (Fig. 2F) . Other Mlp1-bound sites show extensive binding across an entire intergenic region, such as the 864-bp region separating TAF2 and YCR043C, without overlap into the ORFs themselves (Fig. 2F) .
Use of high-resolution tiled arrays to examine gene association with Mlp1 also affords an even higher level of refinement in identification of binding sites. For example, the Mlp1 binding to PMP1 shown using fullgenome ORF arrays ( Fig. 2A) can be narrowed to a 140-bp sequence within the 379-bp intergenic region separating PMP1 and YCR025C (see Supplemental Material). In addition, the Mlp1 localization at HML and HMR can be refined to include specific enrichment at ARS elements and intergenic regions at these loci (Fig. 2F) .
Change in the transcription program causes alteration in the determinants of binding at the nuclear periphery
Since treatment of yeast with ␣ factor causes a dramatic change in the loci associated with the nuclear periphery, we sought to further characterize the global and local determinants of Mlp1 association with genes using tiled arrays and chromosome III as a model. As shown in Figure 3A , several regions of the chromosome change in their association with Mlp1 upon ␣-factor treatment as indicated by upward (gain in binding) and downward (loss of binding) arrows. Notably, the three ␣-factor-induced genes on chromosome III, KAR4 (7.7-fold), FUS1 (5.5-fold), and FIG2 (3.5-fold) (Spellman et al. 1998) , all gain association with Mlp1 after ␣-factor treatment as predicted from the ORF arrays. Additionally, the HMR and HML proximal ARS elements bound by Mlp1 before treatment remain bound, although binding to the centromere proximal ARS308 and ARS309 is lost (Fig. 3C) . Surprisingly, genes not induced by ␣ factor, including PDI1, GBP2, YCP4, PHO87, CPR4, and SSK22, also gained association with Mlp1 upon ␣-factor treatment. Binding of PDI1, GBP2, and YCP4 may reflect the constitutively high expression of these genes (Holstege et al. 1998; Spellman et al. 1998) . Alternatively, binding to these genes may be a consequence of the semiperiodic association of Mlp1 with chromosome III, which will be discussed later.
In addition to the change of Mlp1 binding to transcriptionally activated loci, local changes in the pattern of Mlp1 occupancy occur. As shown in Figure 4A and B, binding of Mlp1 to PGK1 is not significantly altered after ␣-factor treatment; PGK1 is highly transcribed in both conditions (Holstege et al. 1998; Spellman et al. 1998 ). In contrast, there is a marked relocation of Mlp1 from the ARS304-adjacent position in untreated cells to binding within the KAR4 ORF after transcriptional induction (Fig. 4C,D) . Mlp1 exhibits only background occupancy in the FUS1 and FIG2 regions before exposure to ␣ factor (Fig. 4E,G) , demonstrating minor localized binding to the FIG2-adjacent ARS316. However, Mlp1 binding to FUS1 and FIG2 is strongly increased upon induction of the mating pathway, with significant binding throughout the two genes. Moving average graphs demonstrate that Mlp1 occupancy at FUS1 is relatively constant throughout the ORF with peaks at the middle and 3Ј end of the gene (Fig. 4F) , while binding to FIG2 shows a steady increase that peaks just downstream of the ORF (Fig. 4H) .
Discussion
A number of previous studies have connected localization of genes at the nuclear periphery with their proper Alteration of nuclear organization transcriptional regulation Andrulis et al. 1998 Andrulis et al. , 2002 Galy et al. 2000; Feuerbach et al. 2002; Hediger et al. 2002; Ishii et al. 2002) . While the nuclear periphery has generally been viewed as a transcriptionally repressive zone, work by Ishii et al. (2002) demonstrated that components of the nuclear transport machinery exhibit strong boundary activities, permitting activation of a reporter gene by isolating it from a silent chromatin environment. Furthermore, previous work from our laboratory and others showed that the GAL and INO1 genes relocalize to the nuclear periphery upon transcriptional induction (Brickner and Walter 2004; Casolari et al. 2004) , suggesting that the nuclear periphery is not prohibitive of transcriptional activity.
In order to address the generality of these findings, as well as to identify the local and global determinants of chromosome association with the nuclear periphery, we mapped the genome-wide binding pattern of the nuclear pore-associated protein, Mlp1, before and after the initiation of the mating transcriptional program. These experiments have led to several major conclusions. First, ␣-factor-induced genes from 13 of the 16 yeast chromosomes bind the nuclear transport machinery, indicating a global rearrangement of the genome after the induction of a new transcriptional program. Second, ␣-factor treatment leads to FIG2 localization at the region of the nuclear periphery closest to the shmoo mating projection, indicating that the genome of S. cerevisiae exhibits polarization. Third, association of Mlp1 with induced genes is RNA dependent while binding to subtelomeric genes is not, establishing RNA and DNA as independent determinants in establishing nuclear architecture. Finally, Mlp1 associates with distinct genomic elements, including transcriptionally activated ORFs, intergenic regions, the silent mating-type loci, and ARS sequences, indicating that a number of sequence determinants contribute to localization at the nuclear periphery.
Transcriptional activity and nuclear organization
Mlp1 binding to ␣-factor-induced genes is consistent with our previous finding that GAL genes relocate to the nuclear periphery upon induction (Casolari et al. 2004 ). Indeed, FIG2 was found to localize at the nuclear periphery with a nearly identical frequency to the induced GAL locus (Casolari et al. 2004 ) as well as INO1 (Brickner and Walter 2004) . We believe that this increase reflects the dynamic nature of genomic loci within the yeast nucleus (Heun et al. 2001b) , with certain transcriptionally active loci spending more time at the nuclear periphery.
We also find that Mlp1 binding at transcriptionally activated genes is pronounced with a bias toward the 3Ј end. In both untreated and ␣-factor-stimulated cells, Mlp1 shows occupancy at PGK1, the gene encoding 3-phosphoglycerate kinase and one of the most highly transcribed genes in yeast (Holstege et al. 1998) . Highresolution mapping of Mlp1-chromosome III association reveals robust binding across the entire PGK1 coding region, with the greatest enrichment at the 3Ј end. Mlp1 enrichment at the 3Ј end of FUS1 and FIG2 is also observed upon transcriptional induction. Notably, Mlp1 binding to FUS1 and other ␣-factor-induced genes, including FUS2, ASG7, and KAR3, is drastically decreased when chromatin is treated with RNase, indicating that Mlp1 association with these genes occurs through an RNA intermediate. Indeed, one possible explanation for the existence of intergenic Mlp1-binding sites is that these regions reflect unknown areas of transcription.
Mlp1 has previously been shown to genetically interact with mutant alleles of the mRNA export factors YRA1 and NAB2 as well as physically interacting with the Nab2 protein (Green et al. 2003; Vinciguerra et al. 2005) . As such, our results suggest that Mlp1 association with RNA-binding proteins such as Nab2 might facilitate association of transcriptionally active genes with the NPC. Our data also support our previously proposed model (Casolari et al. 2004) , in which transcriptionally active loci are recruited to the pore in order to facilitate direct entry of the nascent mRNA into the processing and export pathways.
Intriguingly, FIG2 recruitment to the nuclear periphery appears to be polarized, with nearly all cells showing localization of the gene at the side of the nucleus closest to the shmoo projection. The spindle pole body (SPB) is asymmetrically distributed within the nuclear envelope and found in the region nearest the emerging bud in vegetatively growing cells (Baba et al. 1989; Yang et al. 1989; Snyder et al. 1991) . Previous work has also suggested that centromeres should lie near the SPB (Yang et al. 1989 ), yet FIG2 is proximal to the right telomere of chromosome III, indicating that the polarized FIG2 localization likely reflects a different role. 
Alteration of nuclear organization
While it is not clear if the asymmetric recruitment of FIG2 precedes or follows formation of the mating projection, it is tempting to suggest that a mechanism exists to favor directional export of the FIG2 mRNA from the nucleus. Indeed, the Fig2 protein is expressed exclusively during mating and is found only in the portion of the plasma membrane where the shmoo mating projection is formed (Guo et al. 2000) . In Chlamydomonas reinhardtii, nuclear asymmetry has also been observed; NPCs were observed to occupy a region of the nucleus nearest the site of cytoplasmic transcript accumulation (Colon-Ramos et al. 2003) . Our observation of a genomic locus that is also asymmetrically localized within the nucleus extends these observations and suggests that not only is the nucleus polarized but the genome is as well. These observations suggest that the establishment of nuclear asymmetry is a general phenomenon that may enhance proper mRNA exit and localization.
Binding to sites of replication
The timing of origin of replication firing in S. cerevisiae has been determined (Raghuraman et al. 2001) , and previous studies have demonstrated enrichment for some of these ARS elements within different regions of the nucleus. In cells synchronized in the G1 phase of the cell cycle, late-firing origins tended to be enriched at the nuclear periphery, while early-firing origins localized preferentially to the nuclear interior. During the S and G2 phases of the cell cycle, late-origins of replication tended to lose their association with the nuclear periphery (Heun et al. 2001a ). As Mlp1 shows perinuclear localization and is associated with the NPC (Strambio- deCastillia et al. 1999; Galy et al. 2000 Galy et al. , 2004 Kosova et al. 2000) , we expect that only late-firing origins of replication be enriched for Mlp1 binding in our G1-arrested, ␣-factor-treated cells. As demonstrated using chromosome III tiled arrays, the most robust binding of ARS elements was observed at the silent mating-type loci, HMR and HML, which are each flanked with several late-firing origins of replication and are known to associate with the nuclear periphery (Andrulis et al. 1998 (Andrulis et al. , 2002 Feuerbach et al. 2002) .
Interestingly, the ␣-factor-induced genes FUS1, FIG2, and KAR4 are all closely linked to origins of replication, separated by ∼1.2 kb, ∼400 bp, and ∼1.5 kb, respectively. If association with the nuclear periphery plays a role in prohibiting the firing of origins of replication in yeast (Heun et al. 2001a) , then one could propose that the linear arrangement of the ␣-factor-responsive genes on chromosome III has been selected for in evolution. Cells that have sensed the presence of mating pheromone would induce transcription of FUS1, FIG2, and KAR4, recruit the genes to the nuclear periphery, and concomitantly prohibit firing of the adjacent ARS elements to ensure that cells do not enter S phase. It is also worth noting that ARS elements are adjacent to ␣-factor-induced genes only on chromosome III; as chromosome III is the yeast sex chromosome, this may reflect a unique synergy between the processes of transcription, ARS firing, and nuclear organization.
Chromosome conformational change
Several attempts have been made to understand the dynamics of whole chromosomes in living cells (for review, see Parada et al. 2004) . These previous studies have relied upon broad, low-resolution views of whole chromosome localization and narrow, high-resolution studies of individual loci and their localization within the nucleus. Using genomic location analysis of the perinuclear Mlp1 protein, whole-genome ORF arrays, and high-resolution tiled arrays of chromosome III, we have obtained detailed local and global information regarding the organization of the yeast genome. On a gross level, we have observed that a change in the developmental program of the cell causes a dramatic shift in the loci associated with the nuclear periphery, including recruitment of genes from 13 of the 16 yeast chromosomes. On a higher-resolution scale, we were also able to observe local changes in binding at the nuclear periphery.
As a number of local changes in chromosome III association occur after ␣-factor stimulation, we sought to determine where the most pronounced changes in Mlp1 binding took place. In order to assess the overall change in the conformation of chromosome III relative to the nuclear periphery, we took advantage of the experimentally determined value for interlocus cross-linking frequency on chromosome III. Work by Dekker et al. (2002) has demonstrated that the cross-linking frequency between chromosome III loci is maximal for sites separated by 8.5-10 kb. These data suggest that loci separated by this distance are sufficiently far apart to allow looping of the intervening chromatin, and thus, loci at the two extreme ends are close enough in three dimensions to allow interlocus cross-linking.
Using this information, we determined regions of semicontinuous association with Mlp1 and thus the nuclear periphery. Mlp1-bound loci separated by <8.5 kb were considered to be part of a stretch of semicontinuous binding, whereas bound loci separated by >8.5 kb were considered far enough apart to allow interlocus "looping." We feel that the use of the 8.5-kb interval is conservative as two genomic loci do not necessarily need to be near each other in three-dimensional space, as assumed by their ability to be cross-linked, in order to contact the nuclear periphery as separate entities. As a result, the use of this interval minimized the importance of local changes in binding and allowed us to discern those regions of chromosome III showing the most dramatic changes in association with the periphery.
As shown in Figure 5 , we have been able to derive a population average model of chromosome III conformation relative to the nuclear periphery and its change upon initiation of the mating transcriptional program. On a gross level, we observed extensive distances between the contacts of Mlp1 with chromosome III, though the endpoints of these looped regions remained constant in several instances between the two different conditions. Semicontinuous Mlp1 binding was found to be limited to the chromosomal ends and is comprised of the mating type loci as well as the adjacent subtelomeric regions. The areas of greatest change between untreated and ␣-factor-stimulated cells are highlighted in red in Figure 5B and can be generally mapped to a region stretching from 28 to 120 kb (region 2) and another region extending from 180 to 285 kb (region 4).
The mapping of the Mlp1-associated regions is highly similar to a previous description of two large GC-rich domains present on chromosome III that exhibit extensive interlocus cross-linking and stretch from 25 to 100 kb and 190 to 280 kb. Dekker et al. (2002) hypothesize that the large degree of curvature predicted to exist in these GC-rich domains might arise from some "intrinsic bias in fiber path" or from an external source such as association with the nuclear envelope. Our data bear out these predictions and further suggest that regions 2 and 4 are particularly amenable to changes in association with the nuclear periphery upon alteration in the transcriptional program. The dynamic contacts between Mlp1 and regions 2 and 4 may represent an inherent bias toward peripheral localization of the resident genes or, alternatively, a more stringent requirement for the maintenance of peripheral localization for the genes residing in regions 1, 3, and 5. Given that the nuclear peripheryassociated silent mating-type loci, centromere, and telomeres Jin et al. 1998; Heun et al. 2001a,b; Tham et al. 2001 ) reside in regions 1, 3, and 5, Alteration of nuclear organization we hypothesize that the latter of these two models is more likely to be correct.
Materials and methods
Strains and growth conditions
The haploid yeast strains of the background PSY2156/Z1256 (MATa, 112, 15, ura3 ) (Ren et al. 2000) previously used (Casolari et al. 2004) were transformed with a PCR-amplified cassette to replace the endogenous BAR1 locus with a KanMX4 insert in order to enhance ␣-factor sensitivity. The following strains were created to allow for ␣-factor stimulation of cells prior to chromatin immunoprecipitation and microarray analysis: nup116:Myc bar1:KanMX4 (PSY3270), xpo1:Myc bar1:KanMX4 (PSY3271), mlp1:Myc bar1:KanMX4 (PSY3289), mlp2:Myc bar1:KanMX4 (PSY3290), and prp20:Myc bar1:KanMX4 (PSY3291). Yeast strains were grown to an OD 600 of 0.2 in YEPD, and ␣-factor peptide (US Biological) was added to a concentration of 50 ng/mL (30 nM). After 120 min of stimulation, cultures were fixed with 1% formaldehyde for 20 min at 30°C before washing and collection of cells.
Genomic location analysis and microarray hybridization
ORF arrays The experimental procedure for chromatin immunoprecipitation and hybridization to ORF microarrays (University Health Networks) was performed as previously described (Casolari et al. 2004 ) unless otherwise stated. Sample preparation for the RNase-treated samples was based on a protocol from Abruzzi et al. (2004) and differed from our chromatin immunoprecipitation in the following ways: (1) Cells were fixed in 1% formaldehyde for 5 min before washing and collection of cells, and (2) 11 U of RNase A and 450 U of RNase T1 (Ambion) were added to the IP samples and allowed to incubate for 30 min at room temperature before the immunoprecipitation was performed.
Tiled arrays Samples for tiled microarrays differed from ORF array preparation in two ways: (1) Chromatin was extensively sonicated to produce DNA with an average size of 100-200 bp, and (2) ∼2 µg of immunoprecipitated DNA (IP) and whole-cell extract (WCE) were labeled with Cy5-dUTP or Cy3-dUTP (PerkinElmer) before competitive hybridization to microarrays. The tiled arrays used are comprised of 50-base oligonucleotides spanning S. cerevisiae chromosome III (O.J. Rando, unpubl.) staggered every 20 bp. Tiled microarray hybridization was performed for 4 h at 55°C in buffer containing 3.4× SSC and 0.3% SDS. Arrays were washed sequentially with 1× SSC/0.03% SDS, 0.2× SSC, and 0.05× SSC. Microarrays were then scanned, and fluorescence intensities quantified with an Axon Genepix 4000B scanner and software.
Combined FISH/IF
A 4.6-kb fragment spanning the coding sequence of FIG2 was amplified from genomic DNA by using the following primer sequences: 5Ј-CTCATTTGCGTCATTAGGTCTGA-3Ј and 5Ј-TCGTCGTTACTGATGGAATTACAGTT-3Ј. The digoxigenindUTP derivatized FIG2 probe was resuspended in hybridization solution (50% formamide, 10% dextran sulfate, 2× SSC) to a final concentration of 10 ng/mL. Combined FISH/IF was performed using a modified protocol based on a previously described technique (Gotta et al. 1999; Casolari et al. 2004 ). PSY3270 cells (nup116:Myc bar1:KanMX4) were grown in rich media with or without 30 nM ␣ factor (US Biological) at 30°C to a density of 1 × 10 7 cells/mL and then fixed in 4% paraformaldehyde before spheroplasting to prevent nuclear spreading. The monoclonal anti-myc antibody, 9E10 (Santa Cruz Biotechnology), was used at a 1:200 dilution. Preabsorbed Alexa Fluor 568 goat anti-mouse (Molecular Probes) and sheep anti-digoxigenin-FITC (Roche) were used at 1:1000 and 1:50 respectively. Cells were imaged using a Nikon TE2000U inverted microscope with PerkinElmer ultraview spinning disk confocal. A stringent requirement for complete overlap with the NPC was used to score FIG2 region localization at the nuclear periphery.
Microarray data analysis
ORF microarrays were scanned and analyzed as previously described (Casolari et al. 2004) . IP/WCE ratios for four (untreated) and five (␣-factor treated) tiled array data sets were normalized around zero for all probes on the arrays before the median value was taken. In order to minimize the influence of cross-hybridization to probes representing different regions of chromosome III, moving averages were calculated for a sliding window of Figure 5 . Global changes in Mlp1 occupancy reflect conformational changes in chromosome III relative to the nuclear periphery. (A) Mlp1 binding on chromosome III in untreated and ␣-factorstimulated cells is shown. Binding to sites separated by <8.5 kb is considered semicontinuous and represented with a horizontal line at the nuclear periphery. Binding gaps of >8.5 kb are represented by a loop extending into the nuclear interior that is proportional to the distance between Mlp1-binding sites. Regions where data are unavailable are represented by breaks in the line. (B) The regions of binding that are held constant under the two conditions, stretching from 0 to ∼28 kb (region 1), ∼120 to 180 kb (region 3), and ∼285 to 300 kb (region 5), are displayed in black. Regions exhibiting pronounced changes in binding pattern between the two conditions (regions 2 and 4) are displayed in red.
nine adjacent probes. Only loci exhibiting standard deviations >2.0 and a moving average >2.0 were considered bound. This cutoff eliminated a number of dubious single-probe binding calls and produced data sets that were similar to those obtained using whole ORF arrays.
